Abstract. The objective of this study was to examine differences in neurocognitive performance between symptomatic concussed athletes, a group of concussed athletes with no subjective symptoms, and a non-concussed control group of athletes. All concussed athletes were evaluated within one week of injury using the ImPACT computerized test battery. Results indicate that concussed athletes who denied subjective symptoms demonstrated poorer performance than control subjects on all four composite scores of the ImPACT test batters (Verbal Memory, Visual Memory, Reaction Time and Processing Speed However, the concussed but asymptomatic group demonstrated significantly better performance than did the concussed and symptomatic group. Thus, concussed athletes who did not report subjective symptoms were not fully recovered based on neurocognitive testing. This study underscores the importance of neurocognitive testing in the assessment of concussion sequelae and recovery.
Introduction
The International Symposium on Concussion in Sports has acknowledged the role of neuropsychological testing in concussion assessment and return to play considerations [3, 32] . The initial guidelines set forth at the 1 st international symposium in Vienna, Austria detailed a "comprehensive systematic approach to concussion injury" which included clinical history, evaluation, neuropsychological testing, imaging procedures, research methods, management and rehabilitation, prevention, education, future directions, and medical/legal considerations [3] . The guidelines advocated the acute use of brief neuropsychological batteries to assess attention and memory function with more extensive and specific testing conducted post injury. The Vienna Concussion in Sports group (CIS) declared neuropsycho-logical testing to be "the cornerstone of concussion evaluation" and stated that it "contributes significantly to both the understanding of the injury and the management of the individual" [3, p. 8] .
A subsequent statement from the CIS about the value of neuropsychological testing in concussion management was not as forceful, but, nevertheless, still proclaimed it to be an "aid to clinical decision making" as part of a comprehensive management system [32] . The follow-up conference in Prague, Czech Republic in 2004 proposed a new classification system for concussion and a new, brief, measurement tool for the acute assessment of concussion. However, the importance of neuropsychological testing to determine cognitive recovery in concussion was again underscored [32] .
Evidence supporting the use of neurocognitive testing has come from numerous studies that have examined its clinical utility. The initial impetus for the utilization of neuropsychological testing in sports came from the publication of a large-scale multi-center study by Barth and his colleagues in 1989 [6] . This study used pre-season (baseline) testing as a means of evaluating post-injury changes in a group of collegiate ath-letes . Another major step in the clinical utilization of neurocognitive testing involved the adoption of an evaluation program by the National Football League in 1994 [21, 35, 38] and the National Hockey League in 1997 [22] . More recently, neurocognitive testing has become increasingly commonplace in collegiate [10, 12, 23] and high school athletes [24, 34] .
Further evidence of the importance of neuropsychological testing in concussion assessment and management has been found in studies of athletes with multiple concussion histories and learning disorders. Athletes with a history of multiple concussions (2 or more) or learning disabilities do not perform as well as normative groups in baseline testing. This underscored the importance of having an accurate assessment of premorbid neurocognitive functioning to accurately measure impairment related to concussion [10] . Ravdin, Barr, Jordan, Lathan, and Relkin hypothesized several other factors that may affect baseline assessment scores in boxers involved in intense training [41] . Similar to the Collins et al. study with football athletes, Ravdin and colleagues found that a history of multiple concussions in boxers was linked to decreased neuropsychological test performance post injury, specifically in the area of verbal memory [41] .
Concussion symptoms
Common signs and symptoms of concussion have been well documented and researched in the sports concussion literature. Diagnosis of sport-related concussion is made when an athlete demonstrates any mental status change following a traumatic force to the head or body. Mental status changes can include loss of consciousness (usually brief), retrograde amnesia, anterograde amnesia, and confusion/disorientation. In addition to mental status changes, concussion typically produces a constellation of symptoms that is usually shortlived in nature and resolves on its own over time. Of the common concussion symptoms, headache is most often reported, and is closely followed by fatigue, feeling slowed down, drowsiness, and cognitive problems. Other symptoms may include sleep disturbance, personality change, nausea, etc. [17, 28] . Post-concussion symptom presentation, like general concussion recovery and initial injury presentation, is a very individualized process that can manifest in a variety of ways. Concussed athletes may report one symptom of injury, or many different types of symptoms. Also, symptoms may present immediately after injury in many players, though have delayed onset in others. For example, McCrea et al. described a small subsample of concussed athletes (N = 11 out of 94) whose post-injury symptoms appeared, on average, 14.4 minutes after injury, with a standard deviation of 15.5 minutes [30] .
Post-concussion symptom presentation has been demonstrated in many studies to vary dependent upon the severity of injury. For example, a study comparing concussed athletes with good versus poor outcomes at 72-hours post-injury revealed that athletes with significantly exacerbated symptoms and memory deficit relative to baseline were approximately ten times more likely to have experienced at least three of four abnormal on-field markers of severity (LOC, disorientation, PTA, RGA). Poor outcome at 72 hours (elevated symptoms and memory problems) was also associated with increased probability of experiencing retrograde amnesia, posttraumatic amnesia, and disorientation as a result of concussion [9] . A similar study compared outcomes from concussed athletes exhibiting one or more on-field mental status changes lasting greater than 5 minutes to outcomes when mental status changes are shorter than 5 minutes in duration. In this study, athletes exhibiting a shorter duration of mental status changes had returned to baseline on both memory performance and symptom status by day 4 post-injury, whereas those with protracted mental status changes had not recovered by the day 7 evaluation. Regardless of on-field mental status changes, all concussed athletes in the sample reported significant increases in symptom reporting relative to baseline at 36 hours, though not at days 4 and 7 [25] . In a study of college football players McCrea et al. found that concussed athletes continued to report significantly greater amount of symptoms compared to their own baseline symptoms up to day 7 post-injury [30] Patterns of post-injury cognitive impairment were similar, with most deficits resolving by day 7 as well . However, even at day 90 post-injury, concussed players performed more poorly than matched controls on a verbal fluency measure.
Recent research has also explored the importance of individual symptoms in concussion recovery. Headache is the most frequently reported postconcussion symptom, and has been the most widely researched as well. Studies have reported a wide range for the incidence of headache following concussion, ranging from 40% to 86% [15, 28, 31] . Presence of postconcussion headache, regardless of severity, has been associated with higher levels of post-concussion symptomatology, memory dysfunction, and slowed reaction times at 1 week after injury [9] . Processing speed was not differentially affected by headache status in that study. When the headache group was subdivided into mild and moderate/severe groupings, those with more severe headaches reported a significantly higher number of other post-concussion symptoms than those in the mild group. With regard to on-field markers of injury, athletes reporting headache at the post-injury evaluation were significantly more likely to have experienced on-field anterograde amnesia, and were almost 5 times more likely to have demonstrated any onfield mental status change lasting greater than 5 minutes [9] . Another study examining the role of headache in concussion divided concussed athletes into three groups: non-headache (N-HA), headache (HA), and headache with post-traumatic migraine characteristics (PTM) [33] . Concussed athletes with PTM symptoms demonstrated the greatest post-injury impairment, with significantly lower scores on visual memory, verbal memory, processing speed, and reaction time scores at approximately day 4 post-injury when compared to the HA and N-HA groups. Similarly, the HA group demonstrated significantly lower scores when compared to the N-HA group at the post-injury assessment. Similar patterns were observed with symptom reporting.
Many clinicians who evaluate and manage sportsrelated concussions have heard athletes report feeling mentally "foggy" or "hazy" as a result of the injury. In fact, this sensation was frequently reported such that one author (MRL) incorporated the symptom of "feeling foggy" into the Post-Concussion Symptom Scale (PCS) [23] . Sideline assessment tools, such as the newly released Sport Concussion Assessment Tool (SCAT) also incorporate items assessing a "foggy" or "dazed" feeling [32] . Recently, Iverson and colleagues examined the relationship between athletes' report of fogginess and outcome at 5 to 10 days post-injury [18] . Similar to findings in the headache studies, athletes endorsing any degree of fogginess reported a significantly higher number of other concussion-related symptoms, and demonstrated significantly worse performance on memory, reaction time, and processing speed measures.
The relationship of subjective symptom reporting to neurocognitive testing
Symptom report and resolution is an important factor in concussion assessment; however, neuropsychological testing may continue to reveal subtle lingering deficits even after symptom resolution. Furthermore, self-reported symptoms and neurocognitive test performance may not always agree [32] . For instance, Peterson, Ferrara, Mrazik, Piland, and Elliott found symptoms and vestibular ratio (as measured through the Smart Balance Master System) were similar to controls at the third day post concussion while neuropsychological test results continued to remain significantly different than controls at 10 days post injury [39] . Duration of symptoms has been found to be significantly related to decreased neuropsychological test scores as well [13] . The evidence of the interplay of symptoms and neuropsychological testing underscored statements of the CIS regarding the use of multiple modalities to assess and manage concussion injury [3, 32] .
Despite a general acknowledgment of the utility of neurocognitive testing in helping to make return to play decisions, the precise "value added" of neuropsychological assessment in addition to symptoms report has not been demonstrated until recently. Van Kampen et al. found that symptom report alone only identified 65% of concussed athletes two days post injury as compared to 83% identified by neuropsychological testing alone [44] . Together, symptom report and neuropsychological testing identified 93% percent of concussed athletes. Therefore, the use of both symptoms and neurocognitive testing could increase the identification of concussed athletes by over twenty five percent.
Computerized assessment of cognitive and symptom deficits
The endorsement of neuropsychological testing for professional, collegiate, and adolescent/child athletes has enhanced the management of concussion, but also created a quandary for those administering and interpreting test results [3, 32, 35] . Despite the utility of testing, the administration of "paper and pencil" neuropsychological tests is time consuming, costly, requires administration by a psychometrist or neuropsychologist, interpretation by a neuropsychologist, and is nearly impossible to administer in large group settings [42] . Additionally, the lack of sensitivity and specificity to mild neuropsychological changes that occur in concussion and normative data that only differentiates the "grossly impaired" make many traditional "paper and pencil" neuropsychological tests inadequate for concussion assessment [8, 42] . Recent development of computerized neuropsychological testing designed to assess sports concussion has alleviated some of these concerns, and has increased the availability and feasibility of baseline and post injury neurocognitive testing for athletes.
The ImPACT (Immediate Post-concussion Assessment and Cognitive Testing) battery is one computerized test battery that can be used in concussion assess-ment. ImPACT encompasses both symptom assessment via the Post-Concussion Symptom Scale (PCS) and evaluation of four domains of neurocognitive functioning: verbal memory, visual memory, visual motor processing speed, and reaction time [27, 29] . Table 1 provides a description of the tests which comprise the composite scores.
These four domains are assessed through six neuropsychological tests that target attention, memory, processing speed, and reaction time [18, 24, 25, 40] . The Post-Concussion Symptom scale is included to assess 21 concussion-related symptoms as rated on a 6 point severity scale (PCS) [23] .
Research evaluating the validity and reliability of change using ImPACT has shown this battery to be an effective tool in concussion assessment and management [19, 29, 35, 42] . Processing speed and reaction time composites on ImPACT were found to correlate highly with a standard neuropsychological "paper and pencil" test of these domains [19] . Moreover, test retest coefficients for ImPACT composite scores indicated a high degree of reliability (0.65-0.86) that is similar to other neuropsychological tests [20] .
Most recently, research regarding the sensitivity and specificity of the ImPACT instrument has indicated its utility as part of a formal concussion management program. Schatz, Pardini, Lovell, Collins, and Podell found the combination of PCSS, ImPACT Processing Speed composite, and ImPACT Visual Memory composite correctly identified 82% of concussed athletes [42] . Furthermore, ImPACT was found to have an 89.4% positive predictive value (PPV -probability that a concussion is present if the test is positive) and an 81.9% negative predictive value (NPV -probability that a concussion is not present when the test is negative). Overall, results of the study suggested that the sensitivity and specificity (discriminating power) of ImPACT is satisfactory [42] .
Objective
The purpose of this study was to explore the relation between post concussion neurocognitive functioning and symptom presentation. While a relationship between symptoms reported and neurocognitive sequelae has been indicated in the literature, Peterson et al. demonstrated that neurocognitive impairment may still be present even after symptoms have remitted [39] . Therefore, it is likely that impaired neuropsychological functioning may persist in concussed athletes who have been formally diagnosed as having sustained a concussion but do not present with symptoms one to three days post-concussion.
The present study examined between-group differences in neuropsychological performance of concussed symptomatic, concussed-asymptomatic, and control participants. We hypothesized that there would be significant differences in neurocognitive test results between the three groups post-injury. More specifically, it was hypothesized that concussed-symptomatic athletes would demonstrate the most impaired performance and concussed-asymptomatic athletes would display cognitive impairment relative to controls.
Methods

Participants
This study was approved by the University of Pittsburgh Institutional Review Board. The study analyzed the data of 192 participants (78 concussed symptomatic athletes, 44 concussed asymptomatic athletes and 70 non-concussed control athletes). Table 2 provides important demographic information regarding these three groups. Criteria for inclusion in the concussion group required that the concussed high school or collegiate athletes were tested within 7 days of sustaining a concussion. The non-injured control group consisted of high school and collegiate athletes who underwent baseline ImPACT testing and were then retested within 2 days of the initial assessment. Concussed athletes participated primarily in football while controls participated primarily in non-contact sports such as track and swimming. Participants in the injury groups were likely to be male, and were not significantly different with regard to age (F = 1.89, p < 0.15).
As part of the Sports Medicine Concussion Program at the University of Pittsburgh Medical Center, all athletes in this study underwent a baseline or pre-injury evaluation, and were administered ImPACT before the 2001 to 2004 athletic seasons. Following a concussion (as diagnosed by a physician or certified athletic trainer present at the time of injury), all concussed athletes received follow-up testing with the ImPACT battery within seven days of injury, with most athletes being evaluated within two days of injury (mean = 1.88 days, range = 1 to 7 days). The non-concussed control group was tested an average of 13 days (range = 0-48 days) after the initial baseline testing to provide the basis for comparison and to help control for practice effects on testing due to prior exposure to the test battery. 
Materials/procedures
The ImPACT test battery includes a standardized demographic questionnaire that requires the athlete to document relevant educational, sports participation, and personal medical history. For this study, test results from athletes who had completed ImPACT version 2.0 or later were utilized. Previous versions of ImPACT differed with regard to test composition, and therefore these data were excluded. Test administrators were trained to define concussion as a "traumatically induced alteration in mental status that may or may not be accompanied by a loss of consciousness," based on the standard American Academy of Neurology nomenclature [1] .
In-season concussions were diagnosed on the basis of the following criteria [25] : 1) any observable alteration in mental status or consciousness on following a blow to the head or body during sport participation, and/or 2) the presence of LOC and/or anterograde or retrograde amnesia identified in an on-field examination, and/or 3) any self-reported symptoms such as cognitive "fogginess," headache, nausea and/or vomiting, dizziness, balance problems, and visual changes after a collision involving the head or body. Certified athletic trainers or team physicians who were present on the sideline at the time of injury made the initial diagnosis of concussion.
Analyses
One-way analyses of variance were conducted to identify between-group differences on age. A MANO-VA was conducted to establish between-group differences on the dependent measures (the ImPACT composite scores). All analyses were conducted using SPSS statistical software [43] .
Results
The three groups being studied were not significantly different with regard to age (F = 1.98, p < 0.15). With regard to prior history of concussion, there was no significant difference between the symptomatic and asymptomatic group (F = 0.001, p < 0.97) but the control group did have a significantly lower average number of prior concussions compared to the two injured groups (F = 4.4, p < 0.01).
Multiple Analysis of Variance (MANOVA) was employed to evaluate differences in neuropsychological test performance between the symptomatic, asymptomatic and control groups. The MANOVA provides an overall statistical assessment of whether the three subject groups varied significantly with regard to neurocognitive performance. Table 3 presents the detailed descriptive statistics for verbal and visual memory, processing speed and reaction time composite scores. Comparisons between symptomatic, asymptomatic and control athletes are illustrated in Figs 1-3 .
The overall MANOVA was highly statistically significant (F = 14.5, p < 0.001). Subsequent univariate analyses were then conducted to identify which specific ImPACT composite scores differed for the three groups. For the verbal memory composite score, there was a significant difference in performance between the three groups, F = 34.4, p < 0.00. Specifically, the concussed-symptomatic group performed most poorly followed by the asymptomatic-concussed group. The control group performed better than the two injured groups.
In terms of visual memory, similar results were found: there was a highly significant difference between the symptomatic, asymptomatic and control groups with the symptomatic group performing most poorly, followed by the asymptomatic and control groups F = 41.6, p < 0.00). The finding of poorer performance for the symptomatic group, relative to the other two groups was also clearly for the Processing Speed Composite F = 32.4, p < 0.00) and the Reaction Time Composites F = 33.6, p < 0.00).
Discussion
Sports-related mild traumatic brain injury, which includes concussion, has become a public health concern given the high rate of occurrence and the younger age of the population being affected (5 to 24 years) [11] . Bailes and Cantu recently estimated that the rate of concussion injury in United States football was, at a minimum, 1.5 million injuries per year [4] . Most contact sport participants, and therefore those most at risk for concussion injury, are high school and collegiate athletes. Recent studies have shown that these groups have a slower recovery period and more significant neurocognitive effects from the concussion than professional athletes [5, 14, 34, [36] [37] [38] .
Given the significant effects concussion injury can have on neurocognitive functioning and academic, social and emotional functioning, proper management of this injury is essential. In addition, recent evidence has suggested that sports-related concussion may lead to changes in vascular regulation, and other neurometabolic processes, that may lead to chronic or lifethreatening consequences such as second impact syndrome [7, 14, 16] .
Current guidelines from the CIS stress the importance of neurocognitive assessment if there is impairment on sideline assessment which includes selfreported symptoms. Therefore, when return to play decisions are made on the field, this decision is likely to be primarily determined by the athlete's symptom report. However, given the well-known tendency of competitive athletes to underreport or minimize symptoms, presumably in hopes of expediting their return to play [36] , the over-reliance on self-reported symptoms is likely to result in increased exposure to risk of re-injury. The findings of this study are consistent with past studies that have shown an imperfect relationship between symptom reporting and neurocognitive recovery, indicating that neuropsychological assessment may be necessary for even asymptomatic athletes when a concussive event is suspected [12, 36, 44] . While the symptomatic group was significantly more impaired than the other groups on all cognitive domains measured by Im-PACT, the asymptomatic group still performed worse on these measures than a control group,signifying some lingering impairment to cognitive processes. Additionally, Van Kampen et al. found that symptom report and neuropsychological testing correctly identified 94% of concussed athletes whereas symptom report only identified 65% of these athletes [44] . Therefore, many athletes with concussion may go undiagnosed and unmanaged because they are under-reporting symptoms or are asymptomatic.
Results from this study and corresponding literature on symptom reporting suggest that clinicians should not rely on symptom report alone to determine return to play status. There are many possible reasons athletes may under report symptoms. First , athletes may blatantly deny symptoms due to internal or external pressure to compete. In this regard, the athlete may fear losing his or her position to another team member if he/she is not able to play. In addition, the culture of sports necessitates a certain degree of athletic ability and physical endurance as indicated in many colloquial expressions such as "no pain, no gain" and "you can't make the club in the tub". The value of "endurance" may lead many athletes to view themselves as "weak" if their participation is halted by post concussion symptoms. External pressure from parents, coaches and team members may also lead to a sense that the athlete is "letting the team down" if he or she is not able to compete.
In addition to the blatant denial of symptoms by the athlete, there may be more subtle reasons that symptoms are not accurately reported. For instance, athletes may mislabel or fail to identify symptoms when they occur. This type of misattribution is common in sports. The football athlete may attribute concussion-related headaches to "stress", dehydration, or a tight fitting helmet. In athletes who have had ongoing and usually mild post-concussive symptoms, these symptoms may be viewed by the athlete as his or her baseline level of functioning. This situation is often seen when an athlete has had multiple concussions without recovery, and symptom emergence (with even light contact or exertion) has become so commonplace that the symptom is viewed as a normal and expected part of sport participation. In addition, some athletes may not be aware that symptoms such as fatigue and sleep disturbance are of a post-concussive nature, and these symptoms are often attributed to stress, too little sleep, or to a variety of other factors. Finally, some athletes may simply be asymptomatic but may still be experiencing neurocognitive deficits associated with concussion. Concussion may present in a variety of ways, depending on the nature of the injury, the athletes history of injury, family medical background (e.g. history of migraine) or the pre-injury history of disorders such a headache or learning disability. Thus not all athletes experience symptoms such as headache, dizziness or nausea. The imperfect relationship between self-reported symptoms and neurocognitive test performance underscores the importance of neuropsychological testing and the importance of careful evaluation of symptoms and neurocognitive assessment for concussion management.
We believe that the findings of this study have direct relevance to clinical care of the concussed athlete. First, this study indicates that the evaluation of self reported symptoms may be inadequate in diagnosing concussion and in evaluating recovery. Clinical practice should include neuropsychological testing whenever possible. In addition, neuropsychological testing can be used to identify cognitive difficulties which can be used to devised academic accommodations that will assist the transition of the injured athlete back into the classroom during recovery.
There are limitations to the study. First, the sample for this study consisted of a sample limited to high school and collegiate athletes, who were primarily males. These characteristics of the sample limit the generalizability of the findings to professional athletes and to younger children. Given recent research linking age to differences in neurological recovery [14] and known neurometabolic differences between older and younger athletes [2] , further research is needed to evaluate this group. Furthermore, the interaction of gender, symptoms, and neurocognitive performance was not examined and therefore conclusion about gender differences can not be made based on this largely male sample. Therefore, future research directions would include examining neuropsychological testing and the recovery process in different populations including younger children, women athletes, and professional athletes.
The results of the present study indicate that symptom report alone is not sufficient information for a clinician to manage concussion. From the data presented in this study as well as previously published data, it is reasonable to assume that a portion of athletes who are asymptomatic after concussion may still exhibit neurocognitive deficits on testing, and therefore should be held from play until those difficulties resolve. Our current findings again provide support for using objective measures of recovery, in conjunction with a thorough clinical and symptom evaluation as outlined in the Vienna and Prague conferences.
